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Abstract. Alzheimer’s disease (AD) is the most prevalent form of neurodegenerative disorders characterized by neuritic plaques
containing amyloid- peptide (A) and neurofibrillary tangles. Evidence has been reported that A1-42 plays an essential
pathogenic role in decreased spine density, impairment of synaptic plasticity, and neuronal loss with disruption of memory-
related synapse function, all associated with AD. Experimentally, A1-42 oligomers perturb hippocampal long-term potentiation
(LTP), an electrophysiological correlate of learning and memory. A was also reported to perturb synaptic glutamate (Glu)-
recycling by inhibiting excitatory-amino-acid-transporters. Elevated level of extracellular Glu leads to activation of perisynaptic
receptors, including NR2B subunit containing NMDARs. These receptors were shown to induce impaired LTP and enhanced
long-term depression and proapoptotic pathways, all central features of AD. In the present study, we investigated the role of
Glu-recycling on A1-42-induced LTP deficit in the CA1. We found that A-induced LTP damage, which was mimicked by the
Glu-reuptake inhibitor TBOA, could be rescued by blocking the NR2B subunit of NMDA receptors. Furthermore, decreasing the
level of extracellular Glu using a Glu scavenger also restores TBOA or A induces LTP damage. Overall, these results suggest
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INTRODUCTION20
Amyloid- (A), a misfolded peptide, is widely21
regarded as a central player in the pathogenesis of22
Alzheimer’s disease (AD). The accumulation of sol-23
uble A [1] in the brain of patients and animal models24
of AD is associated with impairments of cognition25
and memory [2–4]. In addition, both the synthetic26
and brain-derived soluble A have been shown to27
damage certain forms of synaptic plasticity, corre-28
lates of learning and memory [5, 6]. Despite intense29
research, the mechanisms involved in A-mediated30
neuronal degeneration and dysfunction are not well31
understood.
∗Correspondence to: Viktor Szegedi PhD., Biological Research
Center – Biochemistry, Temesvari krt. 32, Szeged H-6726, Hungary.
Tel.: +36 70 2418260; E-mail: szegedi.viktor@brc.mta.hu.
The hippocampus is especially affected in AD 32
including hippocampal-dependent cognitive abilities 33
such as learning and memory. Long-term potentiation 34
(LTP), a form of synaptic plasticity in the CA1 field 35
of the hippocampus, is impaired in animal models of 36
AD. Numerous studies reported that A1-42 oligomers 37
block hippocampal LTP ex vivo [7–9] and in vivo 38
[10, 11]. 39
Although the increased neuronal excitability caused 40
by A seems to contribute to and to be a key part 41
of the pathomechanism of AD, the exact mechanisms 42
by which neuronal over-activity develops is unknown. 43
Glutamate (Glu) excitotoxicity has been established 44
to have a major role in AD pathogenesis; however, 45
how A induces its effects is poorly understood. 46
Numerous findings confirmed that excitotoxic effects 47
of Glu contribute to progressive neuronal loss in AD 48
[12–14]. Inhibited excitatory-amino-acid-transporters 49
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(EAATs) may be a central player in this mechanism,50
and indeed, recent findings suggest that A oligomers51
perturb synaptic plasticity by altering Glu-recycling52
at the synapse [15, 16], resulting in elevated ambi-53
ent extracellular Glu-level in the brain [17, 18], which54
might be responsible for the overexcitation seen in55
AD. A blocks Glu-reuptake by inhibiting both neu-56
ronal and glial Glu transporters [16, 19], which might57
lead to extrasynaptic NMDAR (esyn NMDAR) acti-58
vation. Esyn NMDAR activation causes inhibited LTP59
[5], enhanced long-term depression (LTD) [20], and60
apoptosis [21].61
The aim of this study was to confirm that A causes62
synaptic Glu-spillover and esyn NMDAR activation,63
which leads to impaired synaptic plasticity in the64
CA1. We show that blocking Glu-reuptake with TBOA65
also impairs LTP, and both TBOA- and A-induced66
synaptic damage could be rescued by blocking NR2B67
subunit. Moreover, reducing the level of extracellu-68
lar Glu by applying a glutamate-scavenger enzyme69
GPT also provides protection against impaired synap-70
tic plasticity by TBOA and A.71
MATERIALS AND METHODS72
Compounds73
For the preparation of artificial cerebrospinal74
fluid (ACSF), all salts, glucose, sodium pyruva e75
(Pyr), glutamic-pyruvic transaminase (GPT),76
DL-threo--benzyloxyaspartate (TBOA), and -(4-77
Hydroxyphenyl)--methyl-4- benzyl-1-piperidinee-78
thanol (+)-tartrate salt (ifenprodil) were purchased79
from Sigma-Aldrich (St. Louis, MO). A1-42 was80
synthetized at the Department of Medical Chemistry81
University of Szeged, Hungary. Detailed description82
of the synthesis and characterization of A1-42 is83
reported in [7].84
Animals85
The study conformed to EU Directive 2010/63/EU86
and was approved by the regional Station for Ani-87
mal Health and Food Control under Project License88
XVI/8/2013. BALB/c mice were housed in groups of89
2-3 under standard conditions (24◦C, 12-h light-dark90
cycle) with food and water available ad libitum.91
Ex vivo electrophysiology92
Hippocampal slices of 400m in thickness were93
prepared from the brains of 3-month old mice using94
a standard protocol [22]. Briefly, slices were incu- 95
bated in ACSF gassed with 95% O2, 5% CO2 at 35◦C 96
for 60 min. ACSF was composed of (in mM) 130 97
NaCl, 3.5 KCl, 3 CaCl2, 1.5 MgSO4, 0.96 NaH2PO4, 98
24 NaHCO3, and 10 D-glucose, pH 7.4. Individual 99
slices were transferred to a 3D-MEA chip with 60 tip- 100
shaped and 60m high electrodes spaced by 200m 101
(Qwane Biosciences, Lausanne, Switzerland). The sur- 102
rounding solution was quickly removed, and the slice 103
was immobilized by placing a grid onto it. The slice 104
was continuously perfused with oxygenated ACSF 105
(3 ml/min at 36◦C) throughout the entire recording 106
session. Unfiltered data were recorded using a stan- 107
dard, commercially available MEA 60 setup (Multi 108
Channel Systems MCS GmbH, Reutlingen, Germany). 109
Field excitatory postsynaptic potentials (fEPSPs) were 110
recorded from the proximal stratum radiatum at 5 kHz. 111
Stimulation protocol 112
The Schaffer-collateral was stimulated by injecting 113
a biphasic voltage waveform (–100/+100s) through 114
one selected electrode at 0.033 Hz. Care was taken to 115
place the stimulating electrode in the same region at 116
every slice. The peak-to-peak amplitudes of fEPSPs at 117
the proximal stratum radiatum of CA1 were analyzed. 118
After a 30-min incubation period, the threshold and 119
maximum stimulation intensities for evoked responses 120
were determined. To evoke responses, 30% of the max- 121
imal stimulation intensity was used. LTP was evoked 122
by theta-burst stimulation (TBS). TBS comprised of 15 123
bursts given at 5 Hz and individual burst contained 4 124
pulses given at 100 Hz per burst. The level of LTP was 125
compared to the average of the last 10 peak-to-peak 126
amplitudes of evoked fEPSPs before TBS. 127
Drug treatments 128
After 10-min control level, slices were treated with 129
1M A1-42 or 5M TBOA for 60-min before LTP 130
was induced. Other cohort of slices was treated with 131
3M ifenprodil or 0.82 mM Pyr for 10-min then 2.06 132
U/ml GPT for 60-min before LTP induction. Separate 133
groups of slices were treated with these compounds 134
together with A1-42 or TBOA. 135
Statistics 136
Statistical significance was determined by using 137
ANOVA on ranks test with the post hoc Dunn’s method 138
(SigmaPlot 11 software package). The p value ≤0.05 139











E. Varga et al. / Amyloid-β1-42 Disrupts Synaptic Plasticity by Altering Glutamate Recycling at the Synapse 3
RESULTS140
Aβ1-42-impaired LTP requires NR2B activation141
We recorded fEPSPs from the stratum radiatum of142
the CA1 using MEA electrodes. The peak-to-peak143
amplitudes of fEPSPs were analyzed from the proximal144
part of stratum radiatum.145
First, we verified the effect of A1-42 preparation146
on LTP in the hippocampal slices. Untreated slices147
showed a persistent elevated level of fEPSPs after148
LTP induction (168.33 ± 5.58%, n = 12), while A1-42149
reduced the magnitude of LTP (124.35 ± 4.88%, n = 9,150
p < 0.05, nonparametric ANOVA, Dunn post-hoc test;151
Fig. 1). Several recent studies suggested that differ-152
ent NR2 subunits of NMDARs may have divergent153
roles in NMDAR-dependent LTP activation and A154
pathology (see discussion). To test whether LTP acti-155
vation requires NR2B-containing NMDARs function, 156
slices were treated with an NR2B antagonist, ifen- 157
prodil. We observed that ifenprodil did not alter the 158
level of LTP compared to control (176.81 ± 4.93%, 159
n = 5), suggesting that NR2B-activation is not required 160
for LTP in the CA1. Furthermore, ifenprodil prevents 161
the A1-42 effect on LTP (166.03 ± 12.38%, n = 5, 162
p < 0.05, ANOVA on ranks, Dunn post-hoc test; Fig. 1), 163
suggesting A1-42 induce LTP damage is via NR2B- 164
containing NMDARs. None of the applied compounds 165
altered the amplitude of fEPSPs during the wash-in 166
period. 167
Glu-scavenger rescues the Aβ1-42-impaired LTP 168
To determine whether A1-42 affects Glu-reuptake, 169
we used an enzymatic Glu-scavenger system to 170
reduce extracellular Glu-levels. Slices were treated 171
Fig. 1. Blocking NR2B subunit prevents A1-42-induced LTP damage. Insets show representative fEPSPs before (black) and after treatment.
LTP was altered in A1-42 treated slices compared to untreated group (untreated versus A1-42: ∗p < 0.05; ANOVA on ranks, Dunn post-hoc
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Fig. 2. Glu-scavenger restores A1-42-induced LTP damage. Insets show representative fEPSPs before (black) and after treatment. Pyr+GPT
treatment did not affect the level of LTP compared to untreated slices, however A1-42 induced LTP impairment was prevented by Glu-
scavenger (A1-42 versus Pyr+GPT+A1-42: #p < 0.05; ANOVA on ranks, Dunn post-hoc test). Error bars represent SEM; ∗p < 0.05 versus
untreated; #p < 0.05 versus A1-42.
with GPT and its substrate, Pyr for 10 min fol-172
lowed by A1-42 for 60 min, then LTP was induced.173
We have found that Pyr+GPT treatment does not174
affect the level of LTP compared to control slices175
(157.32 ± 6.68%, n = 5; Fig. 2). However, A1-42-176
induced LTP damage was prevented by Glu-scavenger177
(Pyr+GPT+A1-42: 159.66 ± 6.37%, n = 5 versus178
A1-42, p < 0.05, ANOVA on ranks, Dunn post-hoc179
test; Fig. 2).180
The effect of Aβ1-42 is mimicked by TBOA, a181
Glu-reuptake inhibitor182
TBOA was applied for 60 min before LTP induction.183
LTP was impaired by TBOA compared to untreated184
slice (123.22 ± 3.48%, n = 6, p < 0.05; ANOVA on185
ranks, Dunn post-hoc test, Fig. 3). Next, we tested186
whether NR2B subunit activation is required for187
the effect of TBOA. We have found that ifenprodil188
prevents TBOA-induced LTP damage suggesting 189
NR2B subunit activation is essential for the effect of 190
TBOA on LTP (ifenprodil+TBOA: 159.29 ± 10.67%, 191
n = 4 versus TBOA: p < 0.05; ANOVA on ranks, Dunn 192
post-hoc test, Fig. 3). We proceeded to apply Glu- 193
scavenger to test whether the inhibitory effect of TBOA 194
was due to the elevated extracellular Glu-level. Indeed, 195
TBOA-failed to impair LTP after Glu-scavenger treat- 196
ment (Pyr+GPT+TBOA: 169.28 ± 8.18, n = 5 versus 197
TBOA, p < 0.05; ANOVA on ranks, Dunn post-hoc 198
test, Fig. 4). Collectively these results suggest that 199
TBOA and A share common pathway in synaptotoxi- 200
city. The effect of A1-42 is mimicked by Glu-reuptake 201
inhibition; however both could be prevented by a Glu- 202
scavenger and NR2B inhibition suggesting that A1-42 203
disrupts synaptic plasticity by altering Glu-recycling 204
at the synapse in the CA1. Again, none of the applied 205
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Fig. 3. Ifenprodil prevents TBOA-impaired LTP. Insets show representative fEPSPs before (black) and after treatment. LTP was impaired by
TBOA compared to untreated group (untreated versus TBOA: ∗p < 0.05; ANOVA on ranks, Dunn post-hoc test), however TBOA-induced LTP
impairment was restored by ifenprodil (TBOA versus ifenprodil+TBOA: #p < 0.05; ANOVA on ranks, Dunn post-hoc test). Error bars represent
SEM; ∗p < 0.05 versus untreated; #p < 0.05 versus TBOA.
DISCUSSION207
There is growing evidence that soluble A208
oligomers mediate synaptic impairment in AD, but209
the exact mechanism of synaptotoxicity remains to be210
determined. Numerous studies have reported that A211
can affect the function of NMDARs [23–27], which212
may lead to excitotoxicity and neuronal hyperactiva-213
tion seen in the early stage of AD. Recent findings214
suggest that A binds to prion protein, metabotropic215
Glu receptor 5, and integrin receptors, and this com-216
plex initiates a molecular cascade mediated by fyn217
kinase [28–30], which subsequently phosphorylates218
NMDARs.219
An additional pathway of A-mediated hyperex-220
citation could be, however, that the concentration221
of extracellular Glu is increased by A. We have222
shown previously, that the excitatory effect of A, as223
was determined by the rate of spontaneous spiking 224
in hippocampal slices, is mediated by extrasynap- 225
tic NMDARs [22]. In the present study, we show 226
that A causes Glu spillover and subsequent esyn 227
NMDAR activation, which could be prevented by 228
either NR2B blockade or by “mopping-up” Glu with a 229
Glu-scavenger enzyme. 230
TBOA mimics the effects of Aβ 231
A has been shown to elevate extracellular Glu 232
concentration in the brain without altering gamma- 233
aminobutyric acid (GABA) level [18]. The mechanism 234
behind this is probably the inhibition of the trans- 235
porters mediating Glu-clearance. The level of brain 236
extracellular Glu is regulated by EAATs expressed 237
mainly on the astrocytes, which efficiently remove 238
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Fig. 4. Glu-scavenger prevents TBOA-induced LTP damage. Insets show representative fEPSPs before (black) and after treatment. TBOA-
induced LTP impairment was restored by Glu-scavenger (TBOA versus Pyr+GPT+TBOA: #p < 0.05; ANOVA on ranks, Dunn post-hoc test).
Error bars represent SEM; ∗p < 0.05 versus untreated; #p < 0.05 versus TBOA.
cleft (reviewed by [31]). Indeed, A was shown to240
inhibit both glial and neuronal EAATs [16, 17, 32].241
Moreover, Noda and coworkers have reported that242
A may even cause reverse functioning of EAAT,243
leading to Glu-release from glial cells [33]. Further-244
more, down-regulation or abnormal expression and245
protein levels of EAAT1 and EAAT2 are altered in246
the hippocampus and frontal cortex of AD patients247
[34, 35] and in amyloid- protein precursor transgenic248
mice [32], further supporting that Glu-level regula-249
tion fails during AD pathomechanism. These effects250
may lead to Glu-spillover from the synapses and sub-251
sequent activation of esyn receptors. Of particular252
interest here, esyn NMDARs containing mainly NR2B253
subunit were shown to activate apoptotic pathways254
and promote synaptic depression [21]. In contrast,255
NR2A subunit-containing NMDARs localized mainly256
at the synaptic domain are antiapoptotic and participate257
in the induction of LTP in the CA1. We previ-258
ously reported that A1-42 induces hyperexcitability 259
via NR2B-containing NMDARs [22]. Indeed, block- 260
ing selectively NR2B subunits protected against A 261
effects (including LTP impairment), suggesting that 262
NR2B could be a promising target against AD [5, 263
8, 9, 36, 37]. Tackenberg et al. also suggest that 264
esyn NR2B-containing NMDARs activation is essen- 265
tial for tau-dependent neurodegeneration [26]. It was 266
also shown that the opposite form of synaptic plastic- 267
ity, LTD requires both syn and esyn receptor activation 268
[20], while LTP is not mediated by esyn NMDARs [8, 269
9]. It should be noted, however, that contradictory data 270
is available on the role of NR2B NMDARs on LTP: 271
esyn NDMARs are also recruited to the synapse dur- 272
ing LTP [38] and may play an essential role in LTP 273
maintenance [39, 40]. 274
Our results extend this line of research by showing 275
that reducing Glu that has been spilled-over from the 276
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A induced LTP impairment. Moreover, we show that278
blocking EAATs by a selective inhibitor, TBOA, mim-279
ics the effects of A: both compounds impair LTP, and280
this could be prevented by ifenprodil or GPT (Glu-281
scavenger).282
Reducing ambient Glu in the brain is protec-283
tive against A induced LTD enhancement [16]. A284
recent paper by Chen and Herrup makes the sugges-285
tion that although the level of glutamine-synthase is286
elevated in AD brains, its activity is severely com-287
promised by oxidative damage, leading to impaired288
Glu-metabolism [41].289
A and Glu-toxicity mediated dysfunction has been290
closely associated; however, decreasing the extracellu-291
lar Glu-level can be protective in other conditions such292
as brain ischemia [42], stroke [43], traumatic brain293
injury [44] or certain psychiatric disorders [45, 46].294
CONCLUSIONS295
Collectively, our results provide evidence that A296
impair Glu-recycling at the synapse, which leads to297
Glu-spillover and NR2B activation. Blocking NR2B or298
decreasing extracellular Glu offers protection against299
the synaptic plasticity impairment caused by A.300
ACKNOWLEDGMENTS301
This study was supported by the following grants:302
OTKA PD 83581 from the Hungarian National Scien-303
tific Fund, T ´AMOP-4.2.2.A-11/1/KONV-2012-0052304
from the National.305
Development Agency (NF ¨U) and FP7-PEOPLE-306
2012-IAPP “STEMMAD”. V.S. is a Bolyai fellow.307
E.V. is supported by a predoctorial grant from Gedeon308
Richter Plc.309
Authors’ disclosures available online (http://j-310
alz.com/manuscript-disclosures/14-2367r2).311
REFERENCES312
[1] Kuo YM, Emmerling MR, Vigo-Pelfrey C, Kasunic TC,313
Kirkpatrick JB, Murdoch GH, Ball MJ, Roher AE (1996)314
Water-soluble Abeta (N-40, N-42) oligomers in normal and315
Alzheimer disease brains. J Biol Chem 271, 4077-4081.316
[2] Lue LF, Kuo YM, Roher AE, Brachova L, Shen Y, Sue L,317
Beach T, Kurth JH, Rydel RE, Rogers J (1999) Soluble amy-318
loid beta peptide concentration as a predictor of synaptic319
change in Alzheimer’s disease. Am J Pathol 155, 853-862.320
[3] Rowan MJ, Klyubin I, Cullen WK, Anwyl R (2003) Synap-321
tic plasticity in animal models of early Alzheimer’s disease.322
Philos Trans R Soc Lond B Biol Sci 358, 821-828.323
[4] Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R,324
Wolfe MS, Rowan MJ, Selkoe DJ (2002) Naturally secreted325
oligomers of amyloid beta protein potently inhibit hippocam- 326
pal long-term potentiation in vivo. Nature 416, 535-539. 327
[5] Li S, Jin M, Koeglsperger T, Shepardson NE, Shankar GM, 328
Selkoe DJ (2011) Soluble Abeta oligomers inhibit long-term 329
potentiation through a mechanism involving excessive acti- 330
vation of extrasynaptic NR2B-containing NMDA receptors. 331
J Neurosci 31, 6627-6638. 332
[6] Fulop L, Mandity IM, Juhasz G, Szegedi V, Hetenyi A, Weber 333
E, Bozso Z, Simon D, Benko M, Kiraly Z, Martinek TA 334
(2012) A foldamer-dendrimer conjugate neutralizes synap- 335
totoxic beta-amyloid oligomers. PLoS One 7, e39485. 336
[7] Bozso Z, Penke B, Simon D, Laczko I, Juhasz G, Szegedi V, 337
Kasza A, Soos K, Hetenyi A, Weber E, Tohati H, Csete M, 338
Zarandi M, Fulop L (2010) Controlled in situ preparation of A 339
beta(1-42) oligomers from the isopeptide “iso-A beta(1-42)”, 340
physicochemical and biological characterization.Peptides 31, 341
248-256. 342
[8] Hu NW, Klyubin I, Anwyl R, Rowan MJ (2009) GluN2B 343
subunit-containing NMDA receptor antagonists prevent 344
Abeta-mediated synaptic plasticity disruption in vivo. Proc 345
Natl Acad Sci U S A 106, 20504-20509. 346
[9] Zhang J, Wang C, Deng T, Xue Z, Chen X, Chang L, Wang Q 347
(2013) The preventive effect of NR2B and NR2D-containing 348
NMDAR antagonists on Abeta-induced LTP disruption in the 349
dentate gyrus of rats. Metab Brain Dis 28, 697-704. 350
[10] Klyubin I, Betts V, Welzel AT, Blennow K, Zetterberg H, 351
Wallin A, Lemere CA, Cullen WK, Peng Y, Wisniewski T, 352
Selkoe DJ, Anwyl R, Walsh DM, Rowan MJ (2008) Amyloid 353
beta protein dimer-containing human CSF disrupts synap- 354
tic plasticity: Prevention by systemic passive immunization. 355
J Neurosci 28, 4231-4237. 356
[11] Olsen KM, Sheng M (2012) NMDA receptors and BAX are 357
essential for Abeta impairment of LTP. Sci Re 2, 225. 358
[12] Koh JY, Yang LL, Cotman CW (1990) Beta-amyloid pro- 359
tein increases the vulnerability of cultured cortical neurons to 360
excitotoxic damage. Brain Res 533, 315-320. 361
[13] Pomara N, Singh R, Deptula D, Chou JC, Schwartz MB, 362
LeWitt PA (1992) Glutamate and other CSF amino acids in 363
Alzheimer’s disease. Am J Psychiatry 149, 251-254. 364
[14] Harkany T, Abraham I, Timmerman W, Laskay G, Toth B, 365
Sasvari M, Konya C, Sebens JB, Korf J, Nyakas C, Zarandi 366
M, Soos K, Penke B, Luiten PG (2000) beta-amyloid neu- 367
rotoxicity is mediated by a glutamate-triggered excitotoxic 368
cascade in rat nucleus basalis. Eur J Neurosci 12, 2735-2745. 369
[15] Chen KH, Reese EA, Kim HW, Rapoport SI, Rao JS 370
(2011) Disturbed neurotransmitter transporter expression in 371
Alzheimer’s disease brain. J Alzheimers Dis 26, 755-766. 372
[16] Li S, Hong S, Shepardson NE, Walsh DM, Shankar GM, 373
Selkoe D (2009) Soluble oligomers of amyloid Beta protein 374
facilitate hippocampal long-term depression by disrupting 375
neuronal glutamate uptake. Neuron 62, 788-801. 376
[17] Matos M, Augusto E, Oliveira CR, Agostinho P (2008) 377
Amyloid-beta peptide decreases glutamate uptake in cul- 378
tured astrocytes: Involvement of oxidative stress and 379
mitogen-activated protein kinase cascades.Neuroscience 156, 380
898-910. 381
[18] Mura E, Zappettini S, Preda S, Biundo F, Lanni C, Grilli M, 382
Cavallero A, Olivero G, Salamone A, Govoni S, Marchi M 383
(2012) Dual effect of beta-amyloid on alpha7 and alpha4beta2 384
nicotinic receptors controlling the release of glutamate, aspar- 385
tate and GABA in rat hippocampus. PLoS One 7, e29661. 386
[19] Matos M, Augusto E, Machado NJ, dos Santos-Rodrigues A, 387
Cunha RA, Agostinho P (2012) Astrocytic adenosine A2A 388
receptors control the amyloid-beta peptide-induced decrease 389











8 E. Varga et al. / Amyloid-β1-42 Disrupts Synaptic Plasticity by Altering Glutamate Recycling at the Synapse
[20] Liu DD, Yang Q, Li ST (2013) Activation of extrasynap-391
tic NMDA receptors induces LTD in rat hippocampal CA1392
neurons. Brain Res Bull 93, 10-16.393
[21] Hardingham GE, Fukunaga Y, Bading H (2002) Extrasynaptic394
NMDARs oppose synaptic NMDARs by triggering CREB395
shut-off and cell death pathways. Nat Neurosci 5, 405-414.396
[22] Varga E, Juh, #xe1, sz G, bor, Bozs, #xf3, Z, Penke B,397
#xfc, #xf6, p L, #xed, via, Szegedi V (2014) Abeta(1-398
42) Enhances Neuronal Excitability in the CA1 via NR2B399
Subunit-Containing NMDA Receptors. Neural Plasticity400
(2014), 12.401
[23] Juhasz G, Marki A, Vass G, Fulop L, Budai D, Penke B,402
Falkay G, Szegedi V (2009) An intraperitoneally administered403
pentapeptide protects against Abeta (1-42) induced neuronal404
excitation in vivo. J Alzheimers Dis 16, 189-196.405
[24] Xu Y, Cao DH, Wu GM, Hou XY (2014) Involvement of406
P38MAPK activation by NMDA receptors and non-NMDA407
receptors in amyloid-beta peptide-induced neuronal loss in408
rat hippocampal CA1 and CA3 subfields. Neurosci Res 85,409
51-57.410
[25] Dinamarca MC, Rios JA, Inestrosa NC (2012) Postsynaptic411
receptors for amyloid-beta oligomers as mediators of neuronal412
damage in Alzheimer’s disease. Front Physio 3, 464.413
[26] Tackenberg C, Grinschgl S, Trutzel A, Santuccione AC,414
Frey MC, Konietzko U, Grimm J, Brandt R, Nitsch RM415
(2013) NMDA receptor subunit composition determines beta-416
amyloid-induced neurodegeneration and synaptic loss. Cell417
Death Dis 4, e608.418
[27] Shankar GM, Bloodgood BL, Townsend M, Walsh DM,419
Selkoe DJ, Sabatini BL (2007) Natural oligomers of the420
Alzheimer amyloid-beta protein induce reversible synapse421
loss by modulating an NMDA-type glutamate receptor-422
dependent signaling pathway. J Neurosci 27, 2866-2875.423
[28] Larson M, Sherman MA, Amar F, Nuvolone M, Schneider424
JA, Bennett DA, Aguzzi A, Lesne SE (2012) The complex425
PrP(c)-Fyn couples human oligomeric Abeta with patho-426
logical tau changes in Alzheimer’s disease. J Neurosci 32,427
16857-16871a.428
[29] Um JW, Kaufman AC, Kostylev M, Heiss JK, Stagi M,429
Takahashi H, Kerrisk ME, Vortmeyer A, Wisniewski T,430
Koleske AJ, Gunther EC, Nygaard HB, Strittmatter SM431
(2013) Metabotropic glutamate receptor 5 is a coreceptor for432
Alzheimer abeta oligomer bound to cellular prion protein.433
Neuron 79, 887-902.434
[30] Um JW, Nygaard HB, Heiss JK, Kostylev MA, Stagi M,435
Vortmeyer A, Wisniewski T, Gunther EC, Strittmatter SM436
(2012) Alzheimer amyloid-beta oligomer bound to postsy-437
naptic prion protein activates Fyn to impair neurons. Nat438
Neurosci 15, 1227-1235.439
[31] Anderson CM, Swanson RA (2000) Astrocyte glutamate440
transport: Review of properties, regulation, and physiological441
functions. Glia 32, 1-14.442
[32] Masliah E, Alford M, Mallory M, Rockenstein E, Moechars443
D, Van Leuven F (2000) Abnormal glutamate transport func-444
tion in mutant amyloid precursor protein transgenic mice. Exp445
Neurol 163, 381-387.446
[33] Noda M, Nakanishi H, Akaike N (1999) Glutamate release447
from microglia via glutamate transporter is enhanced by448
amyloid-beta peptide. Neuroscience 92, 1465-1474.
[34] Jacob CP, Koutsilieri E, Bartl J, Neuen-Jacob E, Arzberger T, 449
Zander N, Ravid R, Roggendorf W, Riederer P, Grunblatt E 450
(2007) Alterations in expression of glutamatergic transporters 451
and receptors in sporadic Alzheimer’s disease. J Alzheimers 452
Dis 11, 97-116. 453
[35] Scott HL, Pow DV, Tannenberg AE, Dodd PR (2002) Aberrant 454
expression of the glutamate transporter excitatory amino acid 455
transporter 1 (EAAT1) in Alzheimer’s disease. J Neurosci 22, 456
RC206. 457
[36] Rammes G, Hasenjager A, Sroka-Saidi K, Deussing JM, Par- 458
sons CG (2011) Therapeutic significance of NR2B-containing 459
NMDA receptors and mGluR5 metabotropic glutamate recep- 460
tors in mediating the synaptotoxic effects of beta-amyloid 461
oligomers on long-term potentiation (LTP) in murine hip- 462
pocampal slices. Neuropharmacology 60, 982-990. 463
[37] Ronicke R, Mikhaylova M, Ronicke S, Meinhardt J, Schroder 464
UH, Fandrich M, Reiser G, Kreutz MR, Reymann KG 465
(2011) Early neuronal dysfunction by amyloid beta oligomers 466
depends on activation of NR2B-containing NMDA receptors. 467
Neurobiol Aging 32, 2219-2228. 468
[38] Harney SC, Jane DE, Anwyl R (2008) Extrasynaptic NR2D- 469
containing NMDARs are recruited to the synapse during LTP 470
of NMDAR-EPSCs. J Neurosci 28, 11685-11694. 471
[39] Foster KA, McLaughlin N, Edbauer D, Phillips M, Bolton 472
A, Constantine-Paton M, Sheng M (2010) Distinct roles of 473
NR2A and NR2B cytoplasmic tails in long-term potentiation. 474
J Neurosci 30, 2676-2685. 475
[40] Hasegawa Y, Mukai H, Asashima M, Hojo Y, Ikeda M, Komat- 476
suzaki Y, Ooishi Y, Kawato S (2014) Acute modulation of 477
synaptic plasticity of pyramidal neurons by activin in adult 478
hippocampus. Front Neural Circuit 8, 56. 479
[41] Chen J, Herrup K (2012) Glutamine acts as a neuroprotec- 480
tant against DNA damage, beta-amyloid and H2O2-induced 481
stress. PLoS One 7, e33177. 482
[42] Marosi M, Fuzik J, Nagy D, Rakos G, Kis Z, Vecsei L, 483
Toldi J, Ruban-Matuzani A, Teichberg VI, Farkas T (2009) 484
Oxaloacetate restores the long-term potentiation impaired in 485
rat hippocampus CA1 region by 2-vessel occlusion. Eur J 486
Pharmacol 604, 51-57. 487
[43] Campos F, Sobrino T, Ramos-Cabrer P, Argibay B, Agulla 488
J, Perez-Mato M, Rodriguez-Gonzalez R, Brea D, Castillo J 489
(2011) Neuroprotection by glutamate oxaloacetate transami- 490
nase in ischemic stroke: An experimental study. JCerebBlood 491
Flow Metab 31, 1378-1386. 492
[44] Boyko M, Melamed I, Gruenbaum BF, Gruenbaum SE, 493
Ohayon S, Leibowitz A, Brotfain E, Shapira Y, Zlotnik A 494
(2012) The effect of blood glutamate scavengers oxaloac- 495
etate and pyruvate on neurological outcome in a rat model 496
of subarachnoid hemorrhage. Neurotherapeutics 9, 649-657. 497
[45] Mitani H, Shirayama Y, Yamada T, Maeda K, Ashby CR Jr, 498
Kawahara R (2006) Correlation between plasma levels of glu- 499
tamate, alanine and serine with severity of depression. Prog 500
Neuropsychopharmacol Biol Psychiatry 30, 1155-1158. 501
[46] Shinohe A, Hashimoto K, Nakamura K, Tsujii M, Iwata Y, 502
Tsuchiya KJ, Sekine Y, Suda S, Suzuki K, Sugihara G, Mat- 503
suzaki H, Minabe Y, Sugiyama T, Kawai M, Iyo M, Takei 504
N, Mori N (2006) Increased serum levels of glutamate in 505
adult patients with autism. Prog Neuropsychopharmacol Biol 506
Psychiatry 30, 1472-1477. 507
